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Abstract—Billions of Machine Type Communication (MTC)
devices are foreseen to be deployed in next ten years and
therefore potentially open a new market for next generation
wireless network. However, MTC applications have different
characteristics and requirements compared with the services
provided by legacy cellular networks. For instance, an MTC
device sporadically requires to transmit a small data packet
containing information generated by sensors. At the same time,
due to the massive deployment of MTC devices, it is inefficient
to charge their batteries manually and thus a long battery life is
required for MTC devices. In this sense, legacy networks designed
to serve human-driven traffics in real time can not support MTC
efficiently. In order to improve the availability and battery life of
MTC devices, context-aware device-to-device (D2D) communica-
tion is exploited in this paper. By applying D2D communication,
some MTC users can serve as relays for other MTC users who
experience bad channel conditions. Moreover, signaling schemes
are also designed to enable the collection of context information
and support the proposed D2D communication scheme. Last but
not least, a system level simulator is implemented to evaluate
the system performance of the proposed technologies and a large
performance gain is shown by the numerical results.
I. INTRODUCTION
As one of the new emerging services, Machine Type Com-
munication (MTC) [1] [2] is considered by many researchers
and experts as an important service in the coming fifth
generation (5G) cellular network. In the 4G network, legacy
LTE-A network was designed to offer high data rate, low
latency, high spectrum efficiency and high system capacity.
Thus, 4G network experiences technical challenges to offer
MTC services since different considerations and requirements
are posed on MTC services, e.g., a massive deployment of
devices, a low device complexity and a long device battery
life.
In the third Generation Partnership Project (3GPP), related
studies are conducted to evolve legacy network to meet the
requirements of MTC services. For instance, a new user
equipment (UE) category (UE category “0”) is introduced
to reduce device complexity and power consumption in [2].
In addition, an extended discontinuous reception (DRX) is
considered in [3] to reduce battery consumption where longer
sleep cycles are exploited and optimized for delay-tolerant
MTC applications. Moreover, removal of the power amplifier
is proposed in [2] to reduce device cost. However, uplink
coverage is reduced in this case due to a lower maximal
transmission power. Another challenge faced by MTC is the
extra penetration loss of 20 dB due to the deep-in-door
deployment of users (UEs) [4]. These MTC UEs located
deep-in-door are referred as remote UEs due to their bad
cellular channel conditions. Compared with base station (BS),
since a lower transmission power is available at UE, it is
more challenging to maintain the network coverage in uplink.
Existing solution to maintain uplink coverage is to either use
narrow band transmission or exploit massive transmission time
interval (TTI) bundling [4]. Though both schemes help in
enhancing the MTC availability, a large resource usage at
system level and a battery drain at device level are deduced.
In another work [5], it is proposed to exploit the 3GPP defined
relay nodes (RNs) to improve coverage for MTC. However,
RNs are usually exploited for mobile broadband service and
they normally locate in areas with busy human activities. Thus,
deployment of RNs in deep-in-door and rural area cannot
always be assumed.
As one of the critical technical enablers for 5G cellular
network, device-to-device (D2D) communication [6] [7] opens
the opportunity to improve the performance of cellular net-
works. The motivation of exploiting D2D communication was
to either offload cellular traffic to local information exchange
procedure or to enable a direct D2D communication to achieve
low latency [8]. In research work [9] [10], the applied scenario
of D2D communication is extended to MTC services. In
these work, a normal cellphone with D2D discovery and
communication capability acts as a relay for other sensors.
Together with academic community, 3GPP also considers
exploiting cellphones as relays for MTC applications [11].
In this approach, several drawbacks exist, as listed in the
following items.
1) D2D discovery procedure is carried out every time when
a remote UE is paged or has uplink date in its buffer
to transmit. In this way, extra power consumption is
deduced.
2) Since the D2D pairing is performed in a distributed man-
ner without any help from BS, it brings a lost in global
awareness. For instance, once a device is paired with one
relay device, it can not get served by other potential relay
devices though they might be better choice.c© Copyright 2017 IEEE
ar
X
iv
:1
70
8.
09
66
1v
1 
 [c
s.N
I] 
 31
 A
ug
 20
17
3) Last but not least. presence of cellphones in a deep-in-
door scenario and rural area can not always be expected.
Instead of using cellphones as relays, one of the MTC devices
is appointed as an aggregator in [12], where full knowl-
edge of Channel Quality Indicators (CQIs) is necessary to
be available in BS to set up D2D pairs properly. Thus, if
a cluster consists of M devices, then BS needs to collect
M×(M−1)
2 CQIs information with each CQI representing the
channel situation between two devices. This requirement leads
to a very cumbersome signaling procedure with high power
consumption and signaling overload.
In this work, we inspect on how to improve the availability and
battery life of MTC UEs by exploiting D2D communication.
MTC UEs are assumed to be statically distributed inside
buildings. In the proposed approach, MTC UEs located deep-
in-door have the opportunity to set up D2D links with relay
MTC UEs. Compared with the existing work in literature, our
proposal contributes to the following aspects.
• Signaling schemes with low overhead are provided to
support the exploitation of D2D communication in the
considered scenario.
• The signaling schemes enable an efficient collection of
context information.
• With the help from the collected context information, BS
can optimize the transmission mode (TM) of each user
and improve the system performance.
Our work is organized as follows. At beginning, a cluster based
transmission mode selection (TMS) scheme is proposed in
Sect. II. After that, corresponding signaling schemes are pro-
vided in Sect. III to support the proposed D2D communication
with a low signaling load. In Sect. IV, methodology used to
evaluate the system performance of MTC services is stated
with details. Simulation results are given in Sect. V where a
large gain in terms of availability and battery life can be seen.
Finally, we conclude this work in Sect. VI.
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Fig. 1. scenario description
II. TRANSMISSION MODE SELECTION BASED ON VIRTUAL
SECTORS
As mentioned before, D2D communication is exploited in
this work to facilitate the uplink reports from remote UEs.
In this scheme, three different transmission modes exist, as
following:
• cellular transmission mode, in which the devices upload
their reports to BS with cellular links;
• relay transmission mode, in which the devices are con-
figured by network to relay the reports from remote UEs
and meanwhile transmit their own reports to BS;
• D2D transmission mode, in which the remote UEs trans-
mit their reports to relay UEs.
In order to adapt to any system changes in real time, MTC UEs
are dynamically configured with their transmission modes by
BS. Fig. 1 provides a graphical description of this scenario. As
it can be seen, sensor ]4 and sensor ]5 experience bad channel
conditions for their cellular links and thus are referred as
remote UEs. Meanwhile, sensor ]2 is seen by BS as an optimal
relay node for sensor ]4 and ]5. Thus, D2D connections are
established between sensor ]2 and sensor ]4, also between
sensor ]2 and sensor ]5. After that, uplink data of sensors ]4
and ]5 are transmitted to BS through sensor ]2. Besides being
a relay node for remote UEs, sensor ]2 also transmits its own
packet to BS. Moreover, sensors ]1 and ]3 are configured
as normal cellular UEs and they are only responsible for
transmissions of their own packets.
From efficiency point of view, D2D communication should be
applied in cases where transmitter and receiver are nearby each
other. Thus, a clustering approach is required at BS to make
sure that a relay UE only serves remote UEs in its proximity.
Afterwards, BS needs to select proper transmission mode
for each UE, taking into account of the context information
(e.g., channel state information (CSI) between BS and the
UE, location and battery level information). Therefore, the
proposed context-aware D2D communication can be divided
into two steps:
1) clustering devices into different groups;
2) selection of transmission mode for each UE.
A. Virtual clustering
In this section, four different methods with different
considerations are introduced to group devices. Moreover,
for devices locating near the BS, their propagation losses
are relatively low and thus D2D communication is not
applied for these UEs. The area without application of D2D
communication can be represented by a cycle with a radius
of Rin.
1) Geometrical clustering: In this method, the coverage
area of one BS is sectorized geometrically, as shown in Fig. 2.
The area covered by the i-th cluster can be represented by a
radius of Ri and an angle of ϕi , as
Rstarti < Ri ≤ Rendi , (1)
Fig. 2. geometrical clustering
ϕstarti < ϕi ≤ ϕendi . (2)
where Rstarti and R
end
i represent the distances from the origin
(i.e. the BS) to inner and outer circles of the i-th cluster.
Moreover, ϕstarti and ϕ
end
i represent the reference angles
between which the i-th cluster covers. The number of clusters
covered by one BS is function of Asector , which is the area
of one cluster.
2) K-means clustering: K-means is one well-known clus-
tering algorithm and its basic steps are listed below.
(1) Initially, we select K devices which are placed as far
away as possible from each other and these K devices
are considered as centroids of the K clusters.
(2) Then, another device is selected and associated to the
cluster, the centroid of which has the shortest distance
from the selected device.
(3) Calculate the mean coordinate of the new formed cluster
and select the nearest device to the mean coordinate as
the new centroid.
(4) Repeat step (2) and (3) until all devices are associated to
a cluster.
3) Distance based clustering: This scheme is similar to the
K-means clustering algorithm, with following steps.
(1) K devices are randomly selected as centroids of K clus-
ters.
(2) Take one another device and associate it to the cluster
which has the shortest distance from its centroid to this
device.
(3) Repeat step (2) until all devices are associated to a cluster.
It can be noticed that, the centroids are selected randomly
from the data set and these centroids are not updated during
the operation of this algorithm. These are the two difference
of this scheme compared with the K-means clustering method.
4) Distance plus CSI based clustering: In this scheme,
not only the location information of UEs are considered, but
also the CSI between each UE and the BS. The difference
compared with distance based clustering method is that, the K
centroids are selected from devices which have cellular SNR
values higher than a pre-defined threshold.
B. Transmission mode selection
The task of TMS is to configure devices in each cluster so
that each device is aware of the transmission mode it should
apply for the uplink report. Multiple context information are
taken into account in this work to achieve an efficient TMS
algorithm. As mentioned before, the battery life requirement
of MTC devices can be up to 10 years [4]. For UEs who
cannot meet the battery life requirement, D2D communication
is exploited. The equation below describes the condition of
remote devices whose battery life requirement cannot be met
by cellular links:
BC(i, j)
EC(i, j)
< BLthreshold . (3)
The requirement of battery life is denoted by BLthreshold .
BC(i, j) refers to the battery capacity of user- j in cluster-i and
EC(i, j) is the energy consumption by using cellular link for
a time unit of 4t. 4t is the time difference between any two
successively TMS update commands for user- j. With a smaller
value of 4t, the transmission modes of UEs are updated with
a higher frequency and network can respond to condition
changes in a more timely manner. On the other hand, a smaller
value of 4t also introduces a higher signaling load. Thus, in
order to achieve a compromise in between the efficiency and
the signaling load, 4t can have a value ranging from several
hours to several days, depending on traffic models of UEs.
Moreover, users which cannot reach BS with cellular links can
be assumed to have an infinite value of energy consumption
for 4t. Thus, these users also fulfill the inequality in Eq. (3)
and D2D communication is also applied to improve their
availability.
If some UEs are classified as remote UEs in a cluster, BS
checks whether some UEs in the same cluster fulfill the
following conditions for being relays:
BC(i, j)
EC(i, j)
> BLthreshold, (4)
SNRcellular(i, j) ≥ SNRthreshold . (5)
Eq. (4) represents the condition that user- j in cluster-i can
meet the battery life requirement by using cellular transmis-
sion. In other words, this user has enough battery capacity
to serve as a relay for other remote UEs in cluster-i. In
Eq. (5), SNRcellular(i, j) is the SNR value of the cellular link
and SNRthreshold is a threshold value to check whether the
channel condition of the cellular link is good enough. For
example, a value of 3 dB is used in Sect. V as SNRthreshold .
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Fig. 3. Signaling scheme for D2D cluster formation and TMS update
With a higher value for this parameter, UEs with better cellular
link CSI are considered as relay UEs and thus a higher spectral
efficiency can be achieved for the relay link. However, a higher
value of SNRthreshold means less feasible relay UEs and there
is a higher risk that no relay UE exists in a cluster.
Once the BS obtains the list of feasible relay UEs in one
cluster, BS picks up one relay UE and sends the D2D setup
command to both the relay UE and remote UE(s). Upon re-
ceiving the D2D setup command, channel conditions between
the relay and remote UEs are estimated to inspect if the D2D
communication can contribute to a better service availability
and energy efficiency. If a D2D setup procedure is successful,
the established D2D link is exploited for uplink transmission
of packets from the remote UE. The corresponding signaling
schemes are detailed in Sect. III.
III. RADIO LINK ENABLERS
In this section, we introduce the signaling schemes to
support the proposed context-aware D2D communication.
A. TMS and D2D cluster formation
In case either a UE is initially attached to the network
or BS conducts the TMS update procedure, the signaling
procedure shown in Fig. 3 will be performed to configure the
corresponding UEs. Details of this signaling scheme are given
below, organized by the steps shown in the figure.
1) BS collects the context information, e.g., location, battery
level, traffic type and received signal reference power
(RSRP) of its served MTC UEs. Besides, the context-
aware clustering algorithm and TMS procedure are also
performed.
2) BS configures UEs with D2D link system information
blocks (SIBs) for direct D2D discovery, e.g. resource
used for D2D discovery. Moreover, UEs will also be
informed by downlink control information (DCI) for the
user specific control information, e.g. ID of the cluster
to which the UE belongs, transmission mode of the UE,
conditions which D2D link should fulfill and so on. In
case if a UE is configured as either a relay or a remote
UE, information of the other end of this D2D link are
also provided.
3) For relay UE, it send D2D discovery announcement to
the target remote UEs, with its own ID and IDs of the
target UEs being conveyed in the announcement message.
In this message, reference signals for D2D link channel
estimation are also carried.
4) Upon receiving the D2D discovery announcement, the
remote UE determines whether the request is accepted
or not, based on the estimated D2D link RSRPs.
And a response message of acknowledgement/non-
acknowledgement is sent back to the relay UE.
5) If the relay UE receives an D2D acknowledgement
message, a security association could be established by
exchanging messages between the relay and remote UEs
with security algorithms.
6) The response of the D2D cluster formation is further
transmitted from the relay UE to the serving BS. In case
the D2D request is not accepted, the serving BS should
be informed and thus it can avoid to pair the previous
selected relay UE with this remote UE in future.
If a UE is configured by BS to have cellular transmission
mode, it is not involved in the D2D discovery procedure. It is
also to be noticed that, when the UE is initially deployed by
people, the location information, traffic type and cellular link
RSRP of one MTC UE mentioned in step 1) can be collected.
Since MTC UEs are assumed to be static in this work, these
information can be foreseen as unchanged. Besides, the actual
battery level of one UE can be transmitted to BS together
with the data transmission in uplink. Last but not least, if a
D2D link is successfully established in step. 5), configuration
information of this D2D link should be stored at both the relay
and remote UEs.
B. D2D communication
Once a D2D link is established according to Sect. III-A, the
D2D link is used for uplink packet transmission of the remote
UE. The corresponding signaling scheme is shown in Fig. 4
with details given below.
1) Relay and remote UEs involved in D2D communication
are configured by the SIBs and DCI. These information
are configured and stored at both relay and remote UEs
when the D2D discovery procedure is accepted.
2) In mobile terminated case (e.g., UE is paged by network
for its report), one remote UE or a group of remote UEs
will be paged by BS for data report, or
3) In mobile originated case (e.g., data is available in the
buffer of the UE and waits for being transmitted), a
remote UE generates a data packet and tries to transmit
this packet to the relay UE. This step also includes the
random access procedure, D2D link connection setup
procedure between the relay UE and remote UE, also
D2D retransmission if an error occurs in transmission. In
this step, both D2D ends should be aware of the time and
frequency resource for D2D transmission.
4) After successful receiving packets from remote UE(s),
relay UE replies with acknowledgment message(s) to the
remote UE(s).
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Fig. 4. D2D communication procedure
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Fig. 5. Environment and deployment model
5) Relay UE further forwards the successfully received
packets to the serving BS. This process can be performed
as a normal cellular uplink transmission where a control
plane (CP) connection needs to be established. Another
alternative is that the received packets will be buffered in
the relay UE and then transmitted together with its own
packet. In this case, an advantage in power saving for
relay UE can be introduced, since the relay UE only needs
to wake up and perform the CP connection establishment
procedure for once.
6) Upon successfully receiving packets from the relay UE,
BS sends an acknowledgment message to the relay UE.
IV. EVALUATION METHODOLOGY
In order to evaluate the proposed technology, a system level
simulator is implemented in this work and aligned tightly with
the real world. In this section, models used in our simulator
are stated with details. Please note that, only the difference
compared with ITU-R performance evaluation document [13]
are given here. For other parameters not mentioned here, they
are aligned with the ITU-R document [13].
A. Environment model
In this work, system performance of the MTC services is
investigated in dense urban environment as shown in Fig. 5,
where a Madrid grid model is applied [14]. The proposed
environment model aligns well with the reality to gener-
ate meaningful and precise results. In this model, an urban
environment is depicted with 3D visualization where each
grid composes of one park and 15 buildings with different
dimensions. The dimension of one Madrid grid is 387 meters
in west-east direction and 552 meters in north-south direction.
In order to achieve a cell radius of 866 meters, multiple repli-
cas of Madrid grid are placed in the system level simulator.
Moreover, building heights in the Madrid grids are uniformly
distributed between 8 and 15 floors with a height of 3.5 meters
per floor.
B. Deployment Scenario
A single macro BS with a cell radius of 886 meters is
deployed in the Madrid grids, in order to achieve an inter site
distance (ISD) of 1732m as defined in 3GPP [4] [15]. The
position of macro antennas is also plotted in Fig. 5. For the
macro station, it operates in three cell sectors with a carrier
frequency of 900 MHz and directional antennas are positioned
with 120 degree difference from each other in the horizontal
plane.
C. User deployment and traffic model
In the coverage of the BS, 20 thousand sensor devices are
randomly distributed inside buildings and are assumed to be
static. An isotropic antenna is installed on each device at 1.5
meter height with a maximal transmission power of 23 dBm.
Moreover, a report packet of 2000 bits with a periodicity of
24 reports per day is exploited in this work as traffic model
for sensor devices.
D. Channel model
A 3D channel model proposed by 3GPP [4] is applied here,
in which the penetration loss through building floors and walls
is taken into account. To characterize the channel in between
the two ends of one D2D communication, channel models
proposed in [16] are applied. In [16], channel characters are
captured in three different scenarios for indoor UEs, i.e.,
• two D2D ends are on the same floor in the same building;
• two D2D ends are on the different floors in the same
building;
• two D2D ends are in different buildings.
E. User device power consumption model
In order to evaluation the power consumption of MTC
devices, power consumption related parameters [4] [17] are
listed in Tab. I. Please notice that, a new UE state called
connected-inactive state is proposed to serve for 5G [18], and
thus the duration of control plane establishment is calculated
based on this new technology.
V. NUMERICAL RESULTS
In this work, LTE technology is used in our work for
modeling radio links and the mapping between SNR value and
link capacity is performed by exploiting the results provided
TABLE I
DEVICE POWER CONSUMPTION PARAMETERS
Parameter Description Value Time duration if applicable
Ptx transmission power
45% PA efficiency plus 60
mW/s for other circuitry
MCS and packet
size related
Prx power to receive packets from remote UEs 100 mW/s
MCS and packet
size related
Ppaging power to receive paging command 100 mW/s 10 ms
Pclock clock to obtain synchronization 100 mW/s 10 ms
Pcp
power consumption
during thecontrol plane
establishment procedure
200 mW/s 10 ms
Psleep power consumption in sleeping mode 0.01 mW/s
time of UE staying
in sleeping mode
Drx UE wakes up to listen to paging 4 times/day
C battery capacity 6500 J
in [19]. Thus, if a radio link experiences a SNR value lower
than -7 dB, no data transmission is possible on this link. To
reflect this aspect, availability is considered as the metric to
be evaluated and its mathematical definition is given as:
availability =
number of UEs can be served
total number of UEs
. (6)
In other words, availability shows the ratio of users that can
upload their packets to BS. Additionally, battery life of each
UE is also inspected to calculate the ratio of users who can
meet the battery life requirement of MTC services. Here, the
target battery life is set to be ten years.
In the left hand of Fig. 6, the cumulative distribution function
(CDF) of battery life of UEs is plotted, w.r.t. different clus-
tering algorithms, as given in Sect. II. As a baseline scheme,
the performance of LTE system is also drawn. As an input
for geometrical clustering method, the area of a cluster is
40000 square meters. As an output from geometrical clustering
method, number of clusters is further fed to other three
clustering algorithms, in order to achieve a fair comparison
among different algorithms. Moreover, a D2D pathloss value
lower than 136dB is set to be the criterion for D2D connection
setup, as stated in Sect. III-A. Part of the CDF plot is zoomed
in and shown at the right hand side of this figure, since it is the
most interesting part for our inspection. As it can be seen from
the figure, 14% of MTC UEs can not transmit uplink reports
to BS by using LTE technology, while only 2% of UEs can not
connect to BS if D2D communication is exploited. Thus, the
availability is improved from 86% to 98%. Moreover, 80.5%
of UEs can meet the battery life requirement of ten years (3650
days) in LTE system while this value can be improved to 90%
by exploiting D2D communication.
In Fig. 7, the same settings as in Fig. 6 are applied, except that
2500 square meters is considered as the coverage area of one
cluster for geometrical clustering method. Due to this fact,
a larger number of clusters exist in the same coverage area
of the BS and thus each cluster comprises a smaller number
of UEs. In this sense, there is a lower probability of having
feasible relay UE in each cluster. This is the reason why the
availability values of three clustering algorithms are decreased
to approximately 96%, compared with the values shown in
Fig. 6. As an exception, the availability of the ’Distance+CSI
based clustering’ algorithm is improved to 99%. This is due
to the fact that UEs with good channel conditions are selected
as centroids in the initial step of the clustering algorithm.
Moreover, by having more clusters, the coverage area of
each cluster is reduced and the pathloss value between two
D2D ends is smaller. Thus, the battery lives of UEs can be
improved for all the applied D2D clustering schemes. For the
’Distance+CSI based clustering’ algorithm, up to 95% of UEs
can meet the battery life requirement of ten years.
VI. CONCLUSION
As shown in this paper, a context-aware D2D
communication can be applied to enhance the availability and
improve device power consumption performance for MTC
applications. Signaling schemes for D2D cluster formation
and D2D communication are also provided to support the
proposed context-aware D2D formation and TMS scheme.
At the same time, the designed signaling schemes have also
the advantages of less extra signaling overload compared
with other schemes proposed in the literature. Moreover, the
proposed concept is evaluated by a system level simulator
and a large performance gain can be obtained by exploiting
the proposed D2D communication.
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